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Abstract: Effective nonmagnetic control of the spin structure is at the forefront of the study for 
functional quantum materials. This study demonstrates that, by applying anisotropic strain up to 
only 0.05%, the metamagnetic transition field of spin-orbit-coupled Mott insulator Sr2IrO4 can be 
in-situ modulated by almost 300%. Simultaneous measurements of resonant x-ray scattering and 
transport reveal that this drastic response originates from the complete strain-tuning of the 
transition between the spin-flop and spin-flip limits, and is always accompanied by large elasto- 
and magneto-conductance. This enables electrically controllable and electronically detectable 
metamagnetic switching, despite the antiferromagnetic insulating state. The obtained strain-
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magnetic field phase diagram reveals that C4-symmetry-breaking anisotropy is introduced by 
strain via pseudospin-lattice coupling, directly demonstrating the pseudo-Jahn-Teller effect of 
spin-orbit-coupled complex oxides. The extracted coupling strength is much weaker than the 
superexchange interactions, yet crucial for the spontaneous symmetry-breaking, affording the 
remarkably efficient strain-control.  
 
Quantum materials with strong charge–spin-orbital-lattice interplay are known to exhibit 
exotic emergent phenomena, such as colossal magnetoresistance, unconventional 
superconductivity, and nontrivial topological phases [1]. Tuning one degree of freedom by another 
could lead to novel functional controls, which is particularly important for the emerging field of 
antiferromagnetic (AF) spintronics [2], where effective detection and control of the magnetic 
structure remains an outstanding question. Varying magnetic field and temperature are the two 
most common methods but not ideal for applications [3].Fundamentally, the magnetic structure of 
AF order critically depends on spin anisotropy, the energy scale of which is however largely 
determined by spin-orbital-coupling (SOC) strength and lattice symmetry and is difficult to be 
externally controlled. Ferroelastic strain is recently reported to be able to switch the uniaxial 
magnetic anisotropy in the intermetallic Mn2Au 
[4]. Achieving such an efficient control in 
correlated quantum materials may lead to tuning not only the antiferromagnetism but also other 
competing orders. 
Sr2IrO4 is one of the most important representatives of the spin-orbit-coupled correlated 
oxide. Its strong SOC stabilizes an AF Mott insulating ground state with the so-called Jeff=1/2 
moments, which represents the effective angular momentum or pseudospin of the localized 
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electrons [5]. Yet this pseudospin-half Mott state can be measured electronically as a 
semiconductor and exhibits large conductive responses [6] to modulations of the AF structure, 
giving rise to an excellent prototype of AF spintronics [5,7-9]. This state is highly unusual because 
the profound impacts of strong SOC are often hidden in the low-energy physics. For instance, due 
to the strong SOC in Sr2IrO4, one may anticipate significant magnetocrystalline anisotropy, which 
however turns out to be relatively weak within the ab-plane [10]. The large anisotropic exchanges 
caused by SOC are actually square-lattice symmetry-invariant and have no contribution to the 
magnetic anisotropy [11]. Indeed, Sr2IrO4 exhibits incredible phenomenological analogy to the 
weakly spin-orbit-coupled high-Tc cuprates 
[12]. Due to the intrinsic isotropy of the Jeff=1/2 
moments and their exchange interactions, the spontaneous rotational symmetry breaking of the 
magnetic phase transition in such a system must come from  higher-order interactions, which are 
much weaker but vital for the magnetic anisotropy. In particular, model Hamiltonian calculations 
recently proposed that a so-called ‘pseudo-Jahn-Teller effect’ [13, 14], which is an extension of the 
famous Jahn-Teller effect of orbital degenerate systems to orbital singlet with strong 
entanglement with spin, is critical for spin-orbit-coupled oxides, such as Sr2IrO4. It predicts that 
the AF order necessarily causes lattice orthorhombicity, which in turn stabilizes a pseudospin 
easy axis. Such an emergent magnetoelastic coupling is expected to affect many properties, but a 
direct observation is lacking due to the small spontaneous orthorhombicity at 10-4. 
Here we directly demonstrate the ‘pseudo-Jahn-Teller’ effect as a remarkably efficient 
inverse magnetoelastic coupling in controlling the AF order and the metamagnetic transition in 
Sr2IrO4. By a simultaneous measurement of x-ray resonant magnetic scattering (XRMS) and 
magneto-transport, we unambiguously show that an anisotropic strain less than 0.1%, applied 
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onto the square lattice through a piezo device, is sufficient to in-situ tune the AF pseudospin axis 
and the metamagnetic transition among the spin-flop, spin-flip, and continuous regimes with 
large modulations in the elasto- and magneto-conductance. As a result, the metamagnetic 
transition field is shifted by almost 300%, enabling metamagnetic switching by electrical control 
and electronic detection. The in situ tunability allows us to establish the strain-magnetic field 
phase diagram of Sr2IrO4 for the first time, and reveal the C4-symmetry-breaking anisotropy 
driven by the in situ strain as a quantitative measure of the pseudospin-lattice coupling strength, 
which is indeed small compared with the AF exchange interaction and yet highly decisive for the 
functional controls of correlated electrons with pseudospin.  
Figure 1a shows the tetragonal crystal structure of Sr2IrO4 and its magnetic structures 
below TN~230K 
[7]. While the Jeff=1/2 moments are antiferromagnetically ordered within each Ir 
atomic layer, the combination of SOC and octahedral rotation introduces large anisotropic 
exchanges and canting of the in-plane AF moments. The canted moments of different Ir planes 
further cancel each other out by stacking in a ↑-↑-↓-↓ sequence at zero field.  This emergent 
collinear AF order of the canted moments of individual layers  transitions into a ferromagnetic 
(FM) state when the external magnetic field overcomes the effective AF inter-layer coupling, 
leading to a metamagnetic transition accompanied with a giant magnetoconductance (MC) [6, 15], 
indicating a strong charge response that is unexpected in the picture of a strong Mott insulator. 
One may consider this as a spin-valve-like [16] behavior at the atomic scale, where the 
neighboring Ir planes with parallel canted moments pair up as one slab (↑-↑ ⇀ ⇑), and the parallel 
(⇑⇑) and antiparallel (⇑⇓) configurations of the adjacent slabs create two conductive values as 
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the “on” and “off” states. For simplicity, the two configurations are respectively denoted by FM 
and AF states hereafter.  
To introduce a symmetry-breaking anisotropic strain ε within the Ir plane, we mounted the 
sample onto a piezo actuator [17] with maximum deliverable strain ~0.1%. Surprisingly, despite 
such small strain strength, we found a robust and almost complete on-and-off switch of the 
conductance (Figure 1c) when alternating the piezo voltage to stretch the sample along a-axis at 
210 K with H//b at 600 Oe. We further measured the actual strain induced in the sample with 
synchrotron x-ray diffraction (see methods) and found the maximum ε ~0.05%. This 
elastoconductance (EC) response indicates a highly efficient in-situ strain-control of the 
metamagnetic transition by gently breaking the tetragonality of the layered structure. To shed 
light on this strain effect, we performed a systematic MC study (Figure 1d) at various strain 
values under the same geometry. A clear shift of the metamagnetic transition by hundreds of 
Oersteds can be immediately noticed. Figure 1e shows that the magnetic field HFM, where the 
transition fully enters the FM state, decreases rapidly and systematically from 1500 to 600 Oe 
with ε increasing to ~0.05%. That is a 250% increase as the strain decreases. One can see that the 
shape of the MR curve is also strongly distorted with strain. A complementary measurement by 
continuously varying ε at fixed H further reveals a highly nonlinear EC when crossing the 
transition (Figure S3-S4 in the supplementary). 
The complex and drastic conductance responses indicate a nontrivial mechanism. In fact, 
since the strong charge response is unexpected for a typical Mott insulator, it is unclear whether 
and how the conductance changes can reflect the change of the underlying magnetic structure. To 
gain microscopic insights, we developed a sample environment for simultaneous XRMS and 
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conductance measurements under in situ controls of both strain and magnetic fields (Figure 2a). 
Such an in situ multi-control-multi-detection technique allows unambiguous comparison between 
the conductance response and the metamagnetic transition in different strain and magnetic fields. 
In particular, the spontaneous C4 rotational symmetry-breaking of the AF order necessarily leads 
to energetically equivalent domains where the AF axes are related to each other by 90o rotation. 
These twin domains may undergo different processes during the metamagnetic transition. At 210 
K, we observed the magnetic peaks at the Ir L3-edge corresponding to the two 90
o AF twin 
domains at zero field with the canted moments along the a-axis (AFa) and b-axis (AFb), 
respectively. When applying H//b (Figure 2c), a detwinning process is first observed where the 
AFb domain gradually converts into the AFa domain. The magnetic peak of the FM state already 
emerges during this process, but increases significantly only when the AFa peak intensity begins 
to decrease until the completion of the metamagnetic transition. This magnetic detwinning 
process is consistent with a previous report [14]. Interestingly, when applying ε, both the AFb-to-
AFa and AFa-to-FM processes are clearly sharpened, while being pushed toward higher and lower 
fields, respectively (Figures. 2d&e). The overall result is that the stable region of the AFa domain 
is strongly reduced and eventually diminished, driving the system into a new regime where the 
transition directly occurs between the AFb and FM state through a sharp jump (Figure 2f). In 
other words, the applied strain, albeit small, is able to detwin the AF domains as well but in a 
competing fashion against the magnetic detwinning, which in turn stabilizes the FM state at 
smaller H and significantly shift HFM, consistent with the MC data. Indeed, the simultaneously 
measured MC (Figure 2c-f) is found to always closely follow the modulation of the FM peak.  
The evolution from the two-step extended process of AFb-to-AFa-to-FM to the sharp single step 
of AFb-to-FM can actually be seen in the MC curves when analyzing their field derivative (Figure 
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1d and Figure S3 in the supplementary). This correspondence reveals the nature of the shape 
change of the MC. The sensitivity of the conductance to the AF domain conversion is because the 
order parameter of the AFa domain already acquires a FM component evidenced by the finite FM 
peak intensity. 
Given the conductance being a good measure of the transition processes, we constructed a 
ε-H phase diagram and designated the AF domains and the FM state based on XRMS. The phase 
diagram in Figure 3a clearly illustrates that the broad transition region corresponding to the 
gradual AFa-to-FM processes is suppressed by increasing ε and eventually completely removed at 
ε > 0.03%, giving rise to the downshifting and sharpening of the transition toward the AFb-to-FM 
jump. These different magnetic structure evolutions represent two fundamentally different types 
of the metamagnetic transition, the spin-flip and spin-flop types [18]. The former involves a 
sudden flip of half of the AF spins when the magnetic field is parallel to the easy axis, whereas 
the latter undergoes spin rotation first to the hard axis and then gradually towards the field. The 
AFb-to-FM jump in the phase diagram is essentially a spin-flip transition with the b-axis being 
the easy axis. On the other hand, the AFb-to-AFa-to-FM process corresponds to the spin-flop-
type, where weak uniaxial anisotropy allows the slab magnetizations to rotate by 90o to the hard 
axis. Although the two slabs mostly remain antiparallel after this spin-flop step, it enables canting 
between the two slabs to accommodate the Zeeman energy gain in the expense of the anisotropy 
energy. The canting angle continuously increases until all the AF exchange energy is lost, 
evidenced by the observed gradual increase of the FM peak intensity at the expense of the AFa 
peak. It is remarkable that these two distinct transitions are reachable here within 0.05% of strain 
under in situ continuous tuning.   
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To quantitatively measure the energetics, we simulated the phase diagram with a 
minimum model of a two-slab cell, where the free energy can be written as: 
𝐹(𝛼1, 𝛼2) = 𝐽𝑐 𝑐𝑜𝑠(𝛼1 − 𝛼2) − ℎ 𝑐𝑜𝑠(𝛼1)
− ℎ 𝑐𝑜𝑠(𝛼2) −𝐾𝑢(𝑐𝑜𝑠
2𝛼1 + 𝑐𝑜𝑠
2𝛼2)−𝐾𝑏 [cos(2𝛼1) + cos (2𝛼2)]
2 
where 𝐽𝑐  represents the inter-slab exchange energy; 𝛼1  and 𝛼2  are the angles of the slab 
magnetization m with respect to H//b-axis; ℎ = 𝑚𝐻 is the Zeeman energy. 𝐾𝑢 and 𝐾𝑏 represent 
the strain-induced uniaxial anisotropy and the bi-axial anisotropy due to C4 symmetry, 
respectively. The simulated 𝐾𝑢 − ℎ phase diagram in the unit of 𝐽𝑐 is shown in Figure 3b, and 
reproduces the overall experimental results very well with spin-flip and spin-flop phase 
boundaries, demonstrating the capability of the model in capturing the key physics. For instance, 
the relative angle between the two slabs is indeed continuously modulated within the AFa state. 
This model further predicts that a broad continuous transition would occur at large but negative 
𝐾𝑢, which corresponds to an easy a-axis under a large negative ε. While negative ε is unreachable 
due to the voltage limit of the piezo actuator, we realize this scenario by simply applying H⊥b. 
We indeed observed a significant broadening of the metamagnetic transition into an extended 
gradual process with HFM increased to ~2300 Oe (Figure 3c), which is four times of the HFM ~ 
600 Oe with H//b under the same ε.  
The ability of tuning the metamagnetic transition into all three regimes with a small 
ε<0.1% demonstrates the high efficiency and critical role of pseudospin-lattice interaction. One 
can see that 𝐾𝑢 is only ~10% of 𝐽𝑐 when entering the spin-flip regime, while ℎ/𝐽𝑐 is always ~1 
near the transition. We estimated 𝐽𝑐~ 313 𝑛eV at 210 K (supplementary), meaning that a 𝐾𝑢~31 
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neV suffices to cover the full control of the transition. This enables quantification of the 
pseudospin-lattice interaction of Sr2IrO4 to be ~0.5 meV/μB2 at 210 K, given that ε~0.05% and the 
staggered moment is locked to the canted moment. Since pseudospin-half moment is isotropic[10, 
19], this anisotropic interaction couples the pseudospin quadrupole moment and the lattice as 
described in the pseudo-Jahn-Teller effect [13], and is much smaller than the Heisenberg 
superexchange interaction and the SOC-induced anisotropic exchange interactions [5, 20]. This is 
also consistent with the weak spontaneous orthorhombicity upon AF order. And yet this pseudo-
Jahn-Teller mechanism is predominant in the symmetry-breaking of the ordering and provides a 
remarkably efficient control through the inverse effect, where the AF order responds to externally 
induced orthorhombicity.  This response is robust in a wide temperature range as the anisotropic 
strain-induced shift of HFM remains similar when cooled down to 120 K (see Figure S5 in the 
supplementary). 
To summarize, our results demonstrated that the application of in situ anisotropic strain is 
an appealing route to probe such rich spin-charge-lattice interplay of the spin-orbit-coupled 5d 
electrons in static properties and even dynamic responses [21]. The development of in situ 
multifunctional sample environment is thus crucial. Indeed, our simultaneous measurement 
platform of XRMS and transportation property with in-situ strain and magnetic field controls at 
low temperatures is essential to establish the deterministic control of the AF domains and the 
metamagnetism as well as its close correlation with the complex electronic modulations. As such, 
our study is able to construct the strain-magnetic field phase diagram of Sr2IrO4 and directly 
demonstrate the pseudo-Jahn-Teller effect, opening a new avenue in the field of iridates and more 
broadly functional 5d transition metal oxides by playing emergent phenomena with in situ strain. 
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Experimental Section 
See the Supporting Information for experimental details. 
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Figure 1 
 
 
Figure 1 (a) Pseudospin configuration of the AF state (middle) and the corresponding FM structure under 
positive (right) and negative (left) magnetic field along the b-axis. The pseudospins are canted by ~12o, 
owing to the strong SOC and octahedral rotation. It should be noted that, strictly speaking, all the states 
are canted AF orders of the pseudospins. (b) Magnetoconductance (MC) curve of Sr2IrO4 (black) with no 
anisotropic strain (black) and strained by a piezo actuator under 100 V (red). The blue curve is the in-plane 
magnetization measured at 210 K without strain, the metamagnetic transition takes place at ~1000 Oe, 
where a significant increase is seen in both the in-plane magnetization and the MC curve. For instance, a 
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positive MC of ~10% is observed within ±250 Oe of the transition region. (c) Switching of the MC at 600 
Oe by tuning the in-situ anisotropic strain along the a-axis (i.e., ε//a) while fixing H//b near the transition. 
(d) Magnetoconductance under various anisotropic strains. (inset) 1st Derivative of MC under 0.008% and 
0.054% anisotropic strain. (e) Shift of the field HFM as a function of strain where the metamagnetic 
transition is completed. 
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Figure 2 
 
Figure 2 (a) Schematic setup of the measurement. (b) The AFa (left), AFb (right) and FM (middle) 
structures and the corresponding magnetic reflections at 210K. (c-f) Magnetic field dependent magnetic 
reflection intensities at 210K with strain ranging from 0% to 0.054% along the a-axis. Red diamonds are 
the (0 1 24) reflection associated with AFa, black squares are the (0 1 22) reflection from AFb, the blue 
triangles are the FM peak (0 1 25), and the green curve is the in-situ conductance measurement.  
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Figure 3 
 
Figure 3 (a) Experimental and (b) calculated (with Kb=0.06Jc) phase diagram of the Sr2IrO4 at 210K with 
varying anisotropic strain and magnetic fields. With negative strain value H//b would be along the hard 
axis and the metamagnetic transition would be dramatically broadened. The simulated result in the spin 
flip regime (straight line) is a robust behavior regardless the value used for Kb. (c) Measured MC curves 
(solid lines) with both magnetic field and anisotropic strain along the a-axis. The inset shows the extract 
point HFM where the metamagnetic transition is completed with different strain values. 
 
